Focal ischemia was induced in 23 cats by oc cluding the left middle cerebral artery for 2 h. The animals were then divided into groups for unforced reperfusion of variable duration ranging from 2 to 48 h. Neurological ratings were obtained during both ischemia and reperfu sion. Following planned sacrifice the regional ATP con tent was assessed by means of a bioluminescence method showing spatial distribution and degree of ATP depletion. All the animals developed a neurologic deficit, with a median of 6 points on a disability scale of 0-10. After reopening of the middle cerebral artery, neurologic re covery was quite variable depending on the initial neu rologic deficit (partial <P = 0. 6 7, PI < 0.05): Animals with Dr. Sato's present address is
In prolonged experiments involving permanent occlusion of the middle cerebral artery (MeA) in cats a relationship between the temporal pattern of flow changes and the degree of neurological re covery has been established (Heiss et al., 1976) . The outcome was best when spontaneous reperfu sion of the MeA region reached a sufficient level within 4 h after the onset of ischemia. Spontaneous hyperperfusion developing within 2-4 h in the pre viously ischemic region, as well as hyporeperfusion at flow values continuously below 40% of control values, usually resulted in gross infarcts and a fatal outcome within the first few days. After complete temporary cerebral ischemia, at least partial nor malization of the cerebral metabolism and electro physiologic activity was observed (Hossmann and Kleihues, 1973; Hossmann and Zimmermann, 1974;  mild initial functional impairment improved and those with severe neurologic disturbances either died early or developed a more severe neurologic deficit, irrespective of the duration of reperfusion. The degree of ATP deple tion and the amount of brain tissue involved exhibited a significant correlation with the neurological outcome (T = 0.50, PI < 0.05), but they were even more closely related to the initial neurologic deficit (partial <P = 1.00, PI < 0.001), suggesting an early definitive manifestation of deficiencies in regional energy metabolism. Key Words: High energy phosphates-Neurologic re covery-Regional cerebral metabolism-Temporary focal cerebral ischemia-Unforced cerebral reperfusion. Nordstrom et aI., 1978) , but recovery of neurolog ical function was not described. The present study was designed to investigate the effect of reperfu sion, after temporary MeA occlusion, on neurolog ical recovery in relation to persistent metabolic de fects as demonstrated by regional ATP depletion in brain slices.
METHODS

Preparation of animals
Twenty-three cats of either sex weighing 2.0-3.5 kg were used in multistage, ultimately fatal experiments. Be fore implantation of the MCA occlusion device animals were anesthetized by an intraperitoneal injection of ke tamine hydrochloride (25 mg/kg body weight). Following orotracheal intubation and administration of pancu ronium bromide (0.24 mg/kg body weight) they were ven tilated with a Starling breathing pump. Anesthesia was maintained with a 3: I mixture of nitrous oxide and ox ygen to avoid pain and in compliance with recommen dations of the American Physiological Society and the American Heart Association Ethics Committee dealing with animal experimentation. The left MCA was exposed in a transorbital approach (Hayakawa and Waltz, 1975a) , and the open hook of an occlusive cannula (modified from Little, 1977) was carefully placed around this artery 2-3 mm distal to its origin from the internal carotid artery. Then the optic foramen was sealed with oxydized cellu lose, the occlusion hooklet attached to the wall of the orbit with dental cement, and the orbital cavity filled with epoxy. To prevent cerebrospinal fluid (CSF) leakage and infection, the open end of the occlusive device was closed with a short, blunt stylet and capped. After full recovery from surgery and anesthesia the animals were carefully examined to exclude from the study all cats with any neurologic deficit, CSF leakage, or infection.
Experimental groups
From 1 to 8 days after preparative surgery the left MCA was gently occluded in the unanesthetized animals by re placing the short stylet in the occlusive device with a longer one. After 2 h of ischemia the left MCA was re opened by withdrawal of the stylet. Subsequently each cat was assigned at random to one of three groups. All animals were allowed to recover, except for group A com prising five cats: Following the administration of 20 mg ketamine hydrochloride per kilogram body weight, tra cheostomy, and muscle paralysis, anesthesia was main tained by artificial ventilation with NPI02' Two hours after the start of reperfusion, brains were frozen in situ with liquid nitrogen using the funnel freezing technique of Ponten et ai. (1973) , and thereafter the animals were sacrificed. Then, 24 and 48 h after reopening of the MCA, the same procedure was performed in the anesthetized cats in groups B (n = 6) and C (n = 5), respectively. Seven cats initially assigned to either group B or C died during the observation period. These cats formed group D, and their brains were removed for neuropathological examination.
Neurological ratings
After MCA occlusion the development of neurological signs was observed with the animals unrestrained. Before induction of anesthesia for the final experimental proce dure the severity of the neurologic deficit was rated in all the cats according to the scale modified from Hayakawa and Waltz (1975a) . The rating was determined after 24 h of reperfusion in group B and after 48 h in group C. The total score used in further analysis was formed by adding up the scores for each of three categories of neurological disturbance. (a) Forced postural motor activity: absent (0); mild, transient (1); moderate (2); severe, continuous (3). (b) Impairment of voluntary motor function: absent (0); mild (1); moderate (2); paralysis (3). (c) Conscious ness: normal (0); drowsy 0); stuporous, arousal with painful stimulation (2); comatose, unresponsive to painful stimulation (3). In group D, a final neurologic deficit score of 10 was used to indicate a fatal outcome.
A TP determinations
The in situ frozen brains of 15 animals sacrificed at the end of their preplanned reperfusion period were cut into 0.5-cm-thick frontal slices using a band saw. Tw enty-mi crometer sections were prepared in a cryostat at -20°C from a slice across the MCA region at its maximum ex tension. Sections were freeze-dried at -28°C for 48 h and processed for imaging of the local tissue ATP content using a bioluminescence technique described previously in detail (Kogure and Alonso, 1978; Paschen et aI., 1981a Paschen et aI., , 1983 . Results were quantified in the form of an ATP de pletion index representing the sum of planimetric ally de-J Cereb Blood Flow Metabolo Vol. 40 No. 20 1984 termined proportions of the left hemisphere showing re duced (weighting factor 50) or no (weighting factor 100) ATP bioluminescence.
Statistical analysis
Depending on the nature of the data, comparisons among groups were performed by the Kruskal-Wallis test. Bivariate correlations were based on appropriate Kendall statistics if no significant influence of a third variable was detected, otherwise Johnson's phi and partial rank cor relations (Johnson, 1966) were computed using Fisher's exact test. In simultaneous tests, p values were adjusted according to the Bonferroni method. Results of one-and two-tailed tests are indicated by corresponding subscripts (P I and P2' respectively).
RESULTS
All pertinent experimental data are summarized in Ta ble 10 During the 2-h ischemic period all cats developed a neurologic deficit, scoring between 1 and 8 points with an overall median of 6. U nfortu nately, despite random allocation, the neurologic deficit differed significantly among groups (Kruskal-Wallis test, P2 < 0.025), thus necessitating a correction for unequal baseline conditions in fur ther analysis: Groups B and C exhibited the least severe (median score 4) and group A the most se vere deficit (median score 7), group D ranking in between (median score 6).
As during ischemia the neurologic deficit score at the end of reperfusion was significantly different among the rated groups (Kruskal-Wallis test, P2 < 0.001), group C exhibiting the least disability (me dian score 1), followed by group B (median score 4) and, by definition, group D consisting of all an imals with a score of 10 points. Likewise, a signif icant negative correlation (or = -0.45; Kendall-Burr test, PI < 0.005) was found between neurologic def icit during ischemia and survival time during reper fusion; i.e., cats with a mild initial neurological dis turbance survived until their scheduled sacrifice, while those with a more severe deficit usually did not live through the first day. Accordingly, neuro pathological examination showed large infarcts and signs of tentorial herniation due to increased intra cranial pressure in all animals in group D. When differences in the initial functional impairment were corrected for, the final neurologic deficit was inde pendent of the duration of reperfusion (Johnson's partial <l> = 0.10, PI > 0.50).
Bioluminescence studies showed areas of vari able size and degree of ATP depletion in the region supplied by the MCA (Fig. 1 ) in all but one of the 15 animals examined. The ATP depletion index, ranging up to 65.8 with an overall median of 16.4, did not differ significantly among groups A, B, and C (Kruskal-Wallis test, P2 > 0.40). It showed no dependence on the duration of reperfusion when differences in the initial neurologic deficit were cor rected for (Johnson's partial � = 0.20, PI = 0.40). A significant positive correlation, however, was found (,-= 0.50; Kendall-Sillitto test, PI < 0.05) between the ATP depletion index and the final neu rologic deficit score in groups B and C (Fig. 2) .
ATP depletion and initial neurologic deficit showed a perfect relationship (Johnson's partial � = 1.00, PI < 0.001) when the time of survival after reopening of the MCA was taken into account. A similar, albeit not so close, partial correlation was established between ische:nic and final neurologic deficit scores (Johnson's partial � = 0.67, PI � 0.05).
DISCUSSION
Even the most sophisticated experimental models of cerebral ischemia may lack clinical significance unless global parameters of functional outcome, such as the degree of neurologic recovery, are as sessed and related to physiological or biochemical changes occurring during or subsequent to the isch emic period. Therefore, the present study required h of unforced reperfusion following temporary focal cerebral ischemia, and final disturbances of regional energy metab olism expressed as an estimated percentage (ATP depletion index) of total ATP lost from the ischemic hemisphere. A parametric regression line is shown only to emphasize the general trend.
prolonged experiments with minimal surgical prep aration that would not limit the observation of neu rologic function during a sufficient period of time. Implantation of the device for occluding the MCA several days before the actual experiment permitted induction of ischemia in unrestrained, awake ani mals. Because of the closed skull preparation changes in flow and intracranial pressure could de velop as in acute focal cerebral ischemia in humans (Hayakawa and Waltz 1975a,b) . Unlike the situa tion in previous experiments with permanent MCA occlusion (Heiss et aI., 1976) , in the present series the modified occluding device permitted rapid re perfusion after decompression of the vessel. How ever, to keep surgical trauma at a minimum, no ar terial cannulation for continuous recording of blood pressure and blood gas analyses was performed. Experimental observations suggest that biochem ical lesions resulting from cerebral ischemia of vari able degree differ primarily with respect to the amount of tissue involved rather than in the severity of the metabolic disturbance (Hossmann, 1982) . Therefore, elective tissue sampling, e.g., for quan titative assessment of high-energy phosphates, may not reflect the true metabolic situation. To over come this methodological limitation, regional tech niques imaging the distribution of ATP in the tissue were developed (Kogure and Alonso, 1978) and adapted to the cat model of focal ischemia (Paschen et aI., 1981a) . Although this method yields only semiquantitative information, the index of ATP de pletion used for analysis of data from this study represents both volume and concentration aspects of cerebral energy metabolism.
Unlike complete ischemia causing total loss of ATP from brain tissue within a few minutes, focal ischemia results in slower and incomplete ATP de pletion (Michenfelder and Sundt, 1971; Sundt and Michenfelder, 1972; Schuier and Hossmann, 1980) . Sharply demarcated regions of extremely low ATP content in the center of an area with comparatively mild ischemia (Paschen et aI., 1981b ) may indicate heterogeneous reduction in cerebral blood flow after MCA occlusion. The results of the present study suggest that regional ATP depletion is almost definitive within 2 h of focal ischemia, and reper fusion of variable duration up to 48 h apparently does not affect regional energy metabolism in a sys tematic manner. Therefore, the ATP depletion index was more closely related to the initial neu rologic deficit than to the functional impairment oc curring after reperfusion. Concomitantly, the con trived index describing both quantity and distribu tion of ATP depletion was validated as a useful measure of global function, while other studies (re viewed by Raichle, 1983 ) have shown only a poor correlation between ischemic cell damage and re gional content of high energy phosphates.
